I. Introduction
Whenever ultrasonic energy is propagated into an attenuating material, such as soft tissues and bone, the amplitude of the wave decreases with distance. This attenuation results in an overall loss in the energy of the wave, which is due to absorption and scattering. Absorption is a mechanism representing that portion of the wave's energy lost by its conversion into heat; scattering can be thought of as that portion that changes direction, some of which is reflected as echoes producing the images seen on the screen of the scanner. Because the medium interrogated is capable of absorbing energy with the resultant production of heat, a temperature increase may occur as long as the rate at which heat is produced is greater than the rate at which the heat is removed or dissipated. 1, 2 The increase in temperature produced by ultrasound can be calculated using mathematical modeling techniques, [3] [4] [5] which are detailed later in this section, and has been estimated for a variety of exposure conditions in vivo. 6 The principal ultrasound-induced thermal effect studies have focused on embryonic/fetal effects for which there is a large body of literature. 7 Hyperthermia is a proven teratogen in experimental animals 8, 9 and, although controversial, 10 is considered by some investigators to be a human teratogen under certain circumstances. 11 Because heat generated by ultrasound is a known phenomenon, the question of impact due to a thermal interaction is relevant.
However, the task herein is the assessment of nonfetal thermal effects for which there is little direct literature evaluation relative to diagnostic ultrasound exposure conditions, that is, microsecond pulse durations, a derated spatial-peak temporal average intensity (I SPTA.3 ) less than or equal to 720 mW/cm 2 , and either a mechanical index (MI) less than or equal to 1.9 or a derated spatial-peak pulse-average intensity (I SPPA.3 ) less than or equal to 190 W/cm 2 . The output display standard (ODS) [12] [13] [14] was developed to address two biophysical indices relative to diagnostic ultrasound exposures; therefore, ODS-based temperature increase computations are often used to assess nonfetal thermal conditions. When ultrasound induces a temperature increase, both its temporal and spatial aspects must be considered. Thus, the following discussion will focus on temporal and spatial issues but mainly under nonfetal thermal conditions.
Temporal Effects
Healthy cellular activity depends on chemical reactions occurring at the proper location at the proper rate. The rates of chemical reactions and thus of enzymatic activity are temperature dependent. The overall effect of temperature on enzymatic activity is described by the relationship known as the 10°C temperature coefficient, or Q 10 rule. 15 Many enzymatic reactions have a Q 10 near 3, which means that for each 10°C increase in temperature, enzymatic activity increases by a factor of 3; a more physical description of ratedependent temperature effects is the Arrhenius activation energy concept. [16] [17] [18] [19] A consequence of a temperature increase is an increase in biochemical reaction rates. However, when the temperature becomes sufficiently high (ie, approximately ≥45°C), significant enzyme denaturation occurs. 20 Subsequently, enzymatic activity decreases and ultimately ceases, which has a significant impact on cell structure and function.
If damage occurs during exposure of tissue(s) to elevated temperature, the extent of damage will be dependent on the duration of the exposure as well as on the temperature increase achieved. Detrimental effects in vitro are generally noted at temperatures of 39°C to 43°C, if maintained for a sufficient time period; at higher temperatures (>44°C), denaturation of proteins can occur. 21 These effects have been documented in experimental studies of heat-induced cell death in cultures of normal and cancerous cell lines. The lethal (100% destruction) dose (LD 100 ) for HeLa cells exposed to different temperatures for differing durations ranged from 41°C for a 96-hour duration to 46°C for a 30-minute duration. 22, 23 These findings are analogous to the time-temperature relationship (LD 50 ) that describes the destruction of sarcoma 180 tumor cells in mice 23, 24 from 42°C for a 2-hour duration to 46°C for a 7.5-minute duration.
These observations suggest a logarithmic relationship between time and temperature for death due to a temperature increase. Dickson and Calderwood 25 have indicated a similar relationship for time versus temperature for thermally induced death of tumors and normal animal and human tissues.
An empirical formula, based on a large number of studies involving the thermotolerance of cells and tumors relates the time, t (in minutes), required to produce an isoeffect (eg, a given amount of cell killing) to the time (t 43 ) that would be required had the exposure occurred at a reference temperature of 43°C, that is, where T is the temperature in °C; R = 0.5 for T > 43°C; and R = 0.25 for T ≤ 43°C. [16] [17] [18] [19] Theoretical considerations based on reaction kinetics (thermodynamic Arrhenius analyses) lead to the prediction that the temperature dependence of the rate of protein denaturation is determined primarily by the activation energy. The quantity R is an expression of the relative increase in reaction rate for a 1°C increase in temperature. The rationale for there being two "R" values is based on the empirical determinations of R for a number of biological systems and end points. [17] [18] [19] 26 In these systems, R values ranged from 0.4 to 0.8, with 0.5 being the most common value, for temperatures above 43°C. The few studies performed at temperatures of 43°C or lower indicate that the R value is approximately half the value obtained at the higher temperatures.
Equation 1, the empirical relationship derived by Sapareto and Dewey, 17 can be used to ascribe an equivalent t 43 value to any combination of temperature and exposure duration. It also follows that any given biological effect due to hyperthermia can be characterized by the t 43 value of the causative exposure. The lowest t 43 value giving rise to some effect would be considered the threshold.
Miller and Ziskin 27 estimated that the t 43 value was greater than 1 minute for each teratologic observation in their study (the lowest t 43 30 and other tissues 18 are summarized for a variety of end points in Table 2 . It should be noted that some of the data were garnered using animal models, whose baseline temperatures were higher than 37°C, implying that the temperature increase necessary to achieve a particular thermal dose would have been lower than would be the case with humans. 31, 32 Adjustments might have to be made to deduce the t 43 values applicable to human beings. Also, in using these values in Equations 1 and 3 to establish a time-temperature safety threshold for diagnostic exposures, it should be noted that many were found from in situ studies in which the temperature increase and heated volume were not very well characterized. Also, at the cellular level, there may not be a well-defined threshold for certain thermal effects, as is shown in cell culture studies in which these variables were well controlled. 26, 33 Equations 1-3 define a temperature-time (temperature-exposure duration) boundary line. On the basis of the empirical evidence discussed in this report, it appears that this boundary line could serve as a guide for determining whether an adverse biological effect due to hyperthermia would be likely. Points representing (combinations of) temperature elevations and exposure durations falling below this boundary would be considered unlikely to produce any harm; exposure conditions represented by points falling above this boundary would have a significant possibility of thermal damage. Figure 1 shows the temperature-time curves for 4 values of t 43 (Equation 1). The lower curve (t 43 = 1 minute) represents that estimated for fetal tissues for t longer than 1 minute. 27, 29 This curve has a change of slope at 1 minute because of the change in the value of R (R = 0.5 for T > 43°C, and R = 0.25 for T ≤ 43°C). The other 3 curves, based on t 43 values (10, 100, and 240 minutes) in Table 2 there have been no significant biological effects observed resulting from such temperature increases except when they were sustained for extended time periods. a. For exposure durations up to 50 hours, there have been no significant adverse biological effects observed due to temperature increases less than or equal to 2°C above normal. b. For temperature increases greater than 2°C above normal, there have been no significant adverse biological effects observed due to temperature increases less than or equal to 6 -(log 10 t/0.6), where t is the exposure duration ranging from 1 to 250 minutes. For example, for temperature increases of 4°C and 6°C, the corresponding limits for the exposure duration t are 16 and 1 minute, respectively. c. In general, adult tissues are more tolerant of temperature increases than fetal and neonatal tissues. Therefore, higher temperatures and/or longer exposure durations would be required for thermal damage. 2. The temperature increase during exposure of tissues to diagnostic ultrasound fields is dependent on (1) output characteristics of the acoustic source such as frequency, source dimensions, scan rate, power, pulse repetition frequency, pulse duration, transducer self-heating, exposure time, and wave shape and (2) tissue properties such as attenuation, absorption, speed of sound, acoustic impedance, perfusion, thermal conductivity, thermal diffusivity, anatomic structure and nonlinearity parameter. 3. For similar exposure conditions, the expected temperature increase in bone is significantly greater than in soft tissues. For this reason, conditions where an acoustic beam impinges on ossifying fetal bone deserve special attention due to its close proximity to other developing tissues. 4. Calculations of the maximum temperature increase resulting from ultrasound exposure in vivo should not be assumed to be exact because of the uncertainties and approximations associated with the thermal, acoustic, and structural characteristics of the tissues involved. However, experimental evidence shows that calculations are capable of predicting measured values within a factor of 2. Thus, it appears reasonable to use calculations to obtain safety guidelines for clinical exposures where temperature measurements are not feasible. To provide a display of real-time estimates of tissue temperature increases as part of a diagnostic system, simplifying approximations are used to yield values called thermal indices.* Under most clinically relevant conditions, the soft tissue thermal index, TIS, and the bone thermal index, TIB, either overestimate or closely approximate the best available estimate of the maximum temperature increase (ΔT max ). For example, if TIS = 2, then ΔT max ≤ 2°C. 5. The current FDA regulatory limit for I SPTA.3 is 720 mW/cm 2 . For this, and lesser intensities, the best available estimate of the maximum temperature increase in the conceptus can exceed 2°C. 6. The soft tissue thermal index, TIS, and the bone thermal index, TIB, are useful for estimating the temperature increase in vivo. For this purpose, these thermal indices are superior to any single ultrasonic field quantity such as the derated spatial-peak temporal-average intensity, I SPTA.3 . That is, TIS and TIB track changes in the maximum temperature increases, ΔT max , thus allowing for implementation of the ALARA principle, whereas I SPTA.3 does not. , and assuming that a cat's core temperature is 39°C, 2 yields the 3 temperature-time data points that are listed in Table 3 and plotted as open triangles in Figure 2 .
These data (Table 3) suggest that for nonfetal soft tissue and for scanning conditions consistent with conventional B-mode ultrasound examinations for which the exposure durations at the same in situ locations would be less than a few seconds (see section IV), the allowable maximum temperature increase, ΔT, could be relaxed relative to values represented by the conservative boundary line for longer exposures of nonfetal tissue. Specifically, by solving Equation 1 for ΔT = T -37 and using a value for t 43 of 8 minutes, a line ( Figure 3 , top of the step) can be used as a conservative boundary for nonfetal exposure durations less than 5 seconds, where ΔT is in °C and t is in seconds, and for which there have been no significant adverse biological effects observed due to temperature values smaller than or equal to this line. A continuation of this line ( Figure 3 , bottom of the step) for exposure durations greater than 5 seconds follows the t 43 = 1 minute line, which meets the line described in paragraph 1b of the March 26, 1997, AIUM Conclusions Regarding Heat statement 29 (Table 1) 
Effect of Treated Volume Size
There appears to be little information about the effect of the heated tissue volume on the threshold of thermal damage to cells. The reason is perhaps that regardless of the tissue volume heated, the threshold for a cell is unlikely to vary as long as the temperature is the same, and the physiologic factors are unchanged. However, the volume of tissue that is damaged and the location of the damage appear to have a critical impact from the point of view of well-being of the patient. During whole-body hyperthermia treatments, where temperatures of cancer patients were elevated to 42°C for 2 hours, severe liver complications resulting in patient death were observed. 50 However, temperatures of 41.8°C appeared to be safe for the whole-body exposure. 51 Focused ultrasound hyperthermia treatments of tumors have shown that significantly higher temperatures than 41.8°C can be induced locally (volume dimensions were several centimeters) in tumors and their surrounding normal tissues without any significant side effects. 52, 53 In these treatments, patients felt intolerable pain before observable damage was done to the normal tissues. Thus, patient pain appears to be a protective mechanism for significant tissue damage. However, this is not the case in organs that lack pain sensors, for example, the brain.
It is important to note that organs such as the kidney, liver, and lung are built structurally for redundancy; you can lose a large proportion of the tissue volume in these organs without appreciable changes in normal organ function as monitored by serum biochemical analyses. Also, the regenerative ability of a tissue listed in Table 2 varies; as an example, loss of cells in the intestinal mucosa is much less significant than loss of cells in the brain.
Furthermore, it has also been noted that even if small tissue volumes are destroyed, it may not have an impact on the well-being of the patient. Linke et al 54 showed that rabbits could tolerate small regions of tissue necrosis in the liver and kidney, induced by high-power focused ultrasound bursts that were unlikely to cause an overall impact for the kidney or liver as noted above. There are clinical data available on thermal tissue ablation by highintensity focused ultrasound (HIFU) of the entire or partial prostate gland, [55] [56] [57] [58] kidney, 59 liver, 60 breast, 60 and uterus. 61 These data show no significant side effects on the well-being of patients and illustrate that if critical organs or critical structures within organs are spared, limited damage occurs. Thermal ablation by focused ultrasound in these 62 whereas a person can tolerate a larger volume of tissue damage in another, less critical part of the brain. 63, 64 The eye is another organ where even a small amount of tissue damage may be unacceptable.
II. Output Display Standard
In the mid-1980s, the US Food and Drug Administration (FDA) initiated the regulatory process for diagnostic ultrasound equipment and set application-specific intensity limits that could not be exceeded. 65, 66 Unfortunately, these limits were not based on safety considerations. Rather, they were based on relative risk for regulatory decision-making purposes and were obtained from measurements of the acoustic output of diagnostic ultrasound systems that had been entered into interstate commerce before May 28, 1976 The purpose of the ODS 12-14 is to provide the capability for users of diagnostic ultrasound equipment to operate their systems at levels much higher than previously had been possible to have greater diagnostic capabilities. In doing so, the possibility for harm to the patient was hypothesized because of the potential for higher output levels. Therefore, the ODS requires that two biophysical indices be provided so that the equipment operator has displayed information available to make appropriate clinical decisions, namely, benefit versus risk, and to implement the ALARA (as low as reasonably achievable) principle. 70 The two biophysical indices are the TI and the MI. The TI provides information about tissue-temperature increase and the MI provides information about the potential for cavitation. This chapter addresses the thermal mechanism and the closely related TI.
The basic TI definition is 14 (5) where W 0 is the source power of the diagnostic ultrasound system, and W DEG is the source power required to increase the tissue temperature by 1°C under very specific and conservative conditions. Three different TIs were developed to address 3 different tissue models and 2 different scan modes, that is, the thermal index for soft tissue (TIS), the thermal index for bone (TIB), and the thermal index for cranial bone (TIC). The unscanned mode is typically used clinically for spectral Doppler and M-mode, in which the ultrasound beam remains stationary for a period of time. Also, the unscanned-mode TIS and TIB are the only TI quantities that attempt to estimate temperature increases at locations other than at or near the source surface.
The following computational evaluation addresses the accuracy of the unscanned-mode TIS for circular 4 and rectangular 5 sources.
For the circular sources, 4 3 source diameters (1, 2, and 4 cm) and 8 transmit f-numbers (radius of curvature [ROC]/source diameter = 0.7, 1.0, 1.3, 1.6, 2.0, 3.0, 4.0, and 5.0) were evaluated at 8 frequencies (1, 2, 3, 4 , 5, 7, 9, and 12 MHz), yielding 192 cases. For the rectangular sources, 5 33 1-dimensional focused rectangular-aperture cases were investigated (Figure 4) for which the aperture's x length direction is the axis that is focused (y length direction not focused) by an appropriate ROC to yield 3 f-numbers (ROC/x length = 1, 2, and 4). Six frequencies (1, 3, 5, 7, 9, and 12 MHz) were evaluated (99 combinations/frequency), yielding 594 cases.
For all 786 cases, the medium was assumed to be homogeneous in terms of both acoustic and thermal properties. The attenuation coefficient (also referred to as a derating factor) and absorption coefficient were both 0.3 dB/cm-MHz; density was 1000 kg/m 3 ; propagation speed was 1540 m/s; tissue perfusion length was 1 cm; and tissue thermal conductivity was 6 mW/cm-°C. These were the values used in the ODS [12] [13] [14] and the values used herein for the evaluation of the unscanned-mode TIS. They were also the values used to compute the maximum steady-state temperature increase (ΔT max ) and its axial location. Also, all results reported herein are based on the derated I SPTA.3 of 720 mW/cm 2 , the FDA's regulatory limit. 65 Figures 5 and 6 directly compare the 192 circular-source ΔT max -TIS computed results as a function of frequency and f-number, respectively. The TIS generally underestimates (is less than) ΔT max for f-numbers less than or equal to 2, conditions for which ΔT max is less than or equal to 0.3°C and TIS is less than or equal to 0.4. This suggests that for transmit f-numbers less than or equal to 2, the TIS would not need to be displayed according to the ODS display requirements. With the exception of the longer-focus, larger-diameter, higherfrequency sources, the TIS generally tracks ΔT max for f-numbers greater than or equal to 3. These exceptions suggest a breakdown of the ODS procedures for calculating the TIS under the mentioned conditions. 
Location of the Maximum Steady-State Temperature Increase
The ODS process does not specify the location of ΔT max . Figures 9 and 10 show the relationship between ΔT max and its location (axial distance) for the circular and rectangular sources, respectively, as a function of f-number (the same 3 fnumbers are shown for direct comparison). Figures 11 and 12 show the relationship between ROC and the axial distances to the locations of ΔT max for the circular and rectangular sources, respectively, as a function of f-number. For all 786 cases, the axial distances to the locations of ΔT max are less than the ROC that locates the geometric focus location. For the lower f-number cases, the axial distance locations of ΔT max move closer to the geometric focus as frequency increases. However, for the higher f-number cases in each frequency set, the axial distance locations of ΔT max jump to near the transducer surface when f is greater than or equal to 3 MHz. This behavior, also reported by Thomenius, 71 becomes more prevalent at higher frequencies and larger source diameters. Thus, the ΔT max location is not necessarily near the skin surface; in many cases, the ΔT max location is near the skin surface, but it is always between the geometric focus and the skin surface.
Temporal-Spatial Dependency of the Temperature Increase
In scanned modes, the focal energy is distributed over a large area and hence will usually have lower temporal-average intensities than unscanned modes. With the recent introduction of real-time 3-dimensional scanners, the focal energy will be distributed (scanned) over 2 dimensions; that should result in further reduction in spatially distributed focal intensities. However, there will be an added concern of near-field heating. Near-field heating could be exacerbated by transducer self-heating. 72 At this time, we believe that the development of a new index to cover these cases is not indicated in view of the regulatory mechanisms that are already in place for limiting transducer surface temperatures.
The ODS process does not take into account the temporal-spatial dependency of the temperature increase. An evaluation of the temporal-spatial dependency of the temperature increase was conducted for the circular sources of 3 source diameters (1, 2, and 4 cm) at 2 frequencies (2 and 7 MHz) for 5 f-numbers (f/1, f/2, f/3, f/4, and f/5); Figure 13 shows t 80% , the time when the temperature increase reaches 80% of its steady-state value at that axial distance, for 2 source diameters (1 and 4 cm). Each t 80% profile follows the same general pattern as a function of axial distance. 
Better Indices Possible
The TIs in use today were developed more than 15 years ago. 12 While the ODS has been revised twice, 13, 14 the TI expressions have not changed. Figures 5-8 indicate that there could be improvements to reduce the scatter of computed results and change the mean slopes. There has been one effort to improve the unscanned-mode TIS. The set of results that was computed for the 594 rectangular-source cases was evaluated to see whether an improved TI expression could be developed. 5 This evaluation yielded two new TIS expressions: (6) (7) where W 0 is the source power (in mW); f c is the center frequency (in MHz); and A aprt is the active aperture area (in cm 2 ) ( Figure 14) . In both models, only the source power and frequency need to be measured; they can be measured adequately. 73 The only difference between TIS new (1) and TIS new (2) is the degree of agreement with ΔT max that might be desired. The spread (variance) about the TIS = ΔT max line is greater for TIS new(2) than for TIS new (1) . It should be noted that these two new TIS expressions were developed under the condition for which I SPTA.3 = 720 mW/cm 2 ; the purpose of this evaluation was to show the potential for improvement, not necessarily to suggest that these two new TIS expressions would satisfy all conditions for rectangular sources. There has been no known suggested improvement for circular sources.
III. Thermal Bioeffects Due to New Technologies
Low-Output Commercial Fracture-Healing System In 2000, the FDA approved an ultrasound fracture-healing system for healing of nonunions and accelerated healing of fresh fractures. Clinical studies showed the treatment to be effective, although the mechanism of action is still unclear. While not a diagnostic application, it warrants consideration of possible heating from this device. The system uses an unfocused ultrasound transducer with an effective radiating diameter, d, of 2.2 cm and an operating frequency of 1.5 MHz (Table 4 ). The ultrasound is pulsed with a duration of 200 microseconds and a repetition frequency of 1 kHz, for a duty factor of 20%. The spatial-average temporal-average intensity at the transducer face (I SATA@face ) is 30 mW/cm 2 , and the temporal-average ultrasonic power, W, is 117 mW. Using these values, the TIS at the transducer face (I SATA@face f/210) is 0.2; also, the TIC [W/(40d)] is 1.3. A crude estimate of the TIB, in which z B.3 is taken to be one fifth the distance to the theoretical last axial intensity maximum, yields a value of less than 1.5. These indices were computed using formulas in Table 2 14 From these results, tissue heating does not seem to be a concern for this application.
Transient Temperature Increase During HighIntensity Pulses or Pulse Bursts
In calculating the TIs in the ODS, temporalaverage quantities (intensity and power) are used as independent variables in the relevant formulas (Table 2- , resulting in worst-case indices related to steadystate temperatures. Temporal-average quantities were used under the assumption that the time scale of the acoustic regimen is fast compared to thermal processes. This assumption is reasonable for diagnostic pulses 74 but may not be so for newer techniques using ultrasound radiation force to induce tissue displacement for remote palpation or acoustic streaming. [75] [76] [77] [78] [79] [80] [81] [82] These methods can use high-intensity pulses, or bursts of pulses, up to tens 78 or hundreds 77 of milliseconds, in addition to the conventional Doppler pulses.
The question arises as to whether temperatures could increase to possibly hazardous levels during the acoustic pulse or pulse burst. 83 If so, consideration must be given to models that might be used for calculation of the temperature increase. It is also important to understand whether, given current knowledge concerning bioeffects of temperature increases in tissue, a limiting intensity or power can be specified below which the temperature rise is such that there is negligible concern for safety.
Using simple models under conservative assumptions, Herman and Harris 84 concluded that transient temperatures could rise to possibly dangerous levels under certain conditions and pulse regimens that might be encountered during these newer diagnostic ultrasound procedures and with acoustic output held within current FDA limits. The following analysis is taken from Herman and Harris. 84 In their calculations, values of tissue thermal and absorption quantities for tis- sue were those assumed in deriving the ODS TIs. Other values used were based on tables from the National Council on Radiation Protection and Measurements (NCRP) criteria. 2 Furthermore, all analyses assumed that the focal diameter was smaller than the perfusion length of soft tissue and that the pulse duration was smaller than the perfusion time constant. Thus, the effects of perfusion were considered negligible.
Focus on Bone
Under these assumptions and using the totally absorbing, very thin disk model of the ODS's TIB, 66 the temperature increase ΔT (in degrees Celsius) in bone at the focus for focal diameters from 0.1 to 1 cm and for times less than 250 milliseconds can be expressed as ) is the spatial-peak intensity, temporally averaged over the duration t (in milliseconds), of the high-intensity pulse or pulse burst. This result was derived by using numerical integration of point sources and regression curve fitting.
For example, for t = 200 milliseconds and I = 10 W/cm 2 , which are values suggested by Nightingale et al, 77 Equation 8 yields ΔT = 8.0°C. This spatial-peak temporal-average-over-pulse intensity value is possible while maintaining the FDA I SPTA.3 limit of 720 mW/cm 2 , indicating that such short, high-intensity pulses could result in large temperature increases while also having an MI less than the regulatory limit of 1.9.
Focus on Soft Tissue
To make a conservative calculation of the soft tissue time dependence of temperature at the location of maximum ultrasound intensity, this intensity may be considered characteristic of a broad beam of uniform intensity, I. For this case, conductive losses are negligible, and, if the plane wave assumption (Appendix D of the NCRP criteria 2 ) for the heat source term is used, the temperature increase (independent of focal diameter by this assumption) is given in chapter 6 of the NCRP criteria 2 : (9) where α is the pressure absorption coefficient in soft tissue (in cm fIt, so only high-intensity levels, high frequencies, and long pulses can produce large temperature increases. For example, for t = 200 milliseconds, I = 10 W/cm 2 , f = 7 MHz, 77 and ΔT = 0.35°C (4.4% of the temperature increase as calculated when bone is involved).
Temperature and Intensity Limits Solving the isoeffect relationship in Equation 1
with R = 0.5 yields T = 43 -1.44 ln(t/t 43 ). Then, solving for a temperature increase relative to 37°C, ΔT 37 , yields (11) ΔT 37 = 6 -1.44 ln(t/t 43 shows that the exponent is very close to 0.5 for t < 250 milliseconds.) By combining Equations 11 and 12, an upper bound on I based on thermal considerations can be calculated:
where t B < 250 milliseconds.
A question that arises in the application of these results for setting a "safe" thermal dose is what is the lower bound on the exposure time for which they are valid. The data used to derive Equation 1 do not include exposure times below 1 minute, 17 so it is unclear whether they are relevant down to second or millisecond periods. However, in Figure 2 and the accompanying discussion, evidence was presented that exposure times down to approximately 100 milliseconds may be used. In the absence of additional data, a conservative safety analysis would seem to require that limits be imposed that are based on the lowest time t for which Equation 11 is valid, even for shorter times. Therefore, if t B < 100 milliseconds, then t should be 100 milliseconds in Equation 13 . If t B ≥ 100 milliseconds (but < 250 milliseconds), then t = t B , and Equation 13 becomes In a similar manner for soft tissue, Equations 10 and 11 can be combined to give (15) Again, if t B < 100 milliseconds, then t should be 100 milliseconds in Equation 15. For t B ≥ 100 and < 250 milliseconds, t = t B , and Equation 15 becomes As was discussed in Section I in connection with Equations 1-3, the t 43 values in Table 2 could be used in Equations 14 and 16 as a basis for establishing intensity-time safety guidelines.
IV. Relationship to Clinical Exposure Conditions
Exposure conditions related to the production of thermal bioeffects in experimental settings are likely to differ from those that exist in the setting of a typical clinical diagnostic examination. These differences will, in general, result in a lower risk of biological effects in clinical practice than those predicted from experimental data.
Real-time B-Mode Imaging
Due to the movement of the transducer and of the structures being imaged during clinical examination, the acoustic field remains fixed over a given structure or volume of tissue for brief periods of time, typically measured in seconds or fractions of a second. Under these conditions, the probability of local tissue or organ heating is small and unlikely to be of clinical significance.
Color or Power Doppler Imaging
As in imaging modes, color Doppler examinations typically involve continuous movement of the transducer (acoustic field) with respect to the tissue or organ being insonated. Due to the movement of the transducer and movement of the structures being imaged during clinical examination, the acoustic field remains fixed over a given structure or volume of tissue for brief periods of time, typically measured in seconds or fractions of a second. Under these conditions, the probability of local tissue or organ heating is small and unlikely to be of clinical significance.
Pulsed Doppler Imaging
Measurements of Doppler spectra typically involve the positioning of a small (2-to 6-mm) Doppler sample volume within the lumen of a vascular structure of interest. To obtain accurate Doppler measurements, the sample volume is directed constantly to a region of interest for several cardiac cycles resulting in dwell times typically in the range of 5 to 10 seconds. Even under these conditions, the probability of local tissue or The purpose of this voluntary standard was to provide the capability for users of diagnostic ultrasound equipment to operate their systems at levels much higher than had been permitted previously to provide the potential for greater diagnostic capabilities; the standard did not specify any upper limits. Thus, potentially, it was possible to do harm to the patient. Therefore, two biophysical indices were provided so that the equipment operator would have real-time information available to make appropriate clinical decisions, namely, benefit versus risk, and to implement the ALARA principle. Thus, the ODS provides for a real-time output display that gives the user information about the potentials for temperature increase (the TI) and mechanical damage (the MI).
Following the adoption of the voluntary ODS, the FDA revised its diagnostic ultrasound regulatory guidelines by essentially adopting the ODS. The ODS did not include upper limits, as mutually agreed by all parties (AIUM, National Electrical Manufacturers Association [NEMA], and FDA) at the beginning of the ODS development process. However, as explained by O'Brien et al, 67 the FDA added applicationnonspecific guidelines 68, 69 as regulatory upper limits that were based on a derated I SPTA.3 value of 720 mW/cm 2 and an MI value of 1.9. To complement the ODS, some professional societies (AIUM/NEMA) developed a brochure 86 to satisfy, in part, the FDA's user-educational requirement. 68, 69 The brochure is divided into 3 parts. Part One describes ultrasound-induced bioeffects and why we should be concerned about them. Part Two describes the risks and benefits of conducting diagnostic examinations and introduces the concept of ALARA, that is, ultrasound exposure as low as reasonably achievable. Using the ALARA principle, the intent is to obtain needed diagnostic information with minimum risk to the patient. Part Three describes how to implement the ALARA principle on equipment with and without an output display. This brochure provides only the general principles about ALARA and diagnostic ultrasound equipment because each manufacturer's equipment has somewhat different control features.
The implementation of ALARA throughout the diagnostic ultrasound community has been a failure. It is suggested that one reason for this failure is because of the FDA's upper-limit regulatory controls that have been viewed by the clinical community as safety limits. However, these limits are not based on safety considerations. Therefore, it is recommended that an appropriately representative and knowledgeable group evaluate the current TIs and, if needed, develop improved indices.
VI. Conclusions Regarding Nonfetal Heating
Excessive temperature increases can result in adverse effects in mammalian systems. The biological effects observed depend on many factors, such as the exposure duration, the type of tissue exposed, its cellular proliferation rate, and its potential for regeneration. Temperature increases of several degrees Celsius above the normal core range can occur naturally; there have been no significant biological effects observed resulting from such temperature increases except when they were sustained for extended time periods.
1. For temperature increases less than or equal to 2°C above normal (ie, 37°C), there have been no significant adverse biological effects observed for durations of temperature elevation up to 50 hours. 2. For temperature increases between 2°C and 6°C above normal, there have been no significant, adverse biological effects observed due to temperature increases less than or equal to where t is the exposure duration in seconds. 3. For temperature increases greater than 6°C above normal, there have been no significant adverse biological effects observed due to temperature increases less than or equal to where t is the exposure duration in seconds. For example, for temperature increases of 9.6°C and 6.0°C, the corresponding limits for the exposure durations t are 5 and 60 seconds, respectively ( Figure 15 ).
4. For exposure durations less than 5 seconds, there have been no significant adverse biological effects observed due to temperature increases less than or equal to where t is the exposure duration in seconds. For example, for temperature increases of 18.3°C, 14.9°C, and 12.6°C, the corresponding limits for the exposure durations t are 0.1, 1, and 5 seconds, respectively ( Figure 15 ).
Recommendation: Improving Indices
It is recommended that the AIUM, via the Output Standards Subcommittee, take the lead to form an appropriately representative and knowledgeable group to evaluate the current TIs and, if needed, develop improved indices.
Recommendation: Implementing ALARA (Global Recommendation)
It is recommended that the AIUM take the lead to encourage the FDA to develop an open scientifically valid process for assessing the benefits and the risks of removing or modifying the current regulatory limits. 
